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ABSTRACT

BETTII is a balloon-borne far infra-red (FIR: 30-100 pm) interferometer that also uses a near-infrared (NIR:
1-2.5 pm) channel for fine pointing sensing using stars. We have developed an inductive grid dichroic to divide
the incoming beam into two components, by reflecting FIR light and transmitting NIR light. The dichroic is
fabricated using focused electron beam technology to produce a 1 pm period, 100 nm width metal grid on a
sapphire substrate in order to have high reflectance for FIR wavelengths. Here we discuss the design and the
detailed manufacturing process for such a dichroic. The transmission and reflectance characteristics are also
presented. We discuss them in context of the BETTII requirements.

Keywords: spatio-spectral interferometry, far infra-red, delay line, capacitive sensor, interferometric simulation,
metrology, alignment

1. INTRODUCTION

Star formation occurs in dust obscured regions. The dust typically has temperatures in the range 25-300 K,
which are best observed in the mid to far-infrared wavelengths. The earth’s atmosphere is almost opaque at
these wavelengths; so their study requires observatories at a high altitude from the earth’s surface or in space.
In the last few decades, the development of infrared instruments for space-based and balloon-borne astronomical
observatories has been possible due to advances in cryogenic performance' and detector technologies for infrared
wavelengths.? These advancements have been accompanied by a requirement for filters for these wavelengths.

Different infrared astronomical instruments have different filter requirements, which are met by a variety of
filter designs and technologies. Metal mesh filters have been used to reduce the radiative thermal loading on
cryostats and detectors, and to reduce the out-of-band high frequency spectral leakage.®* They have been used as
intensity beamsplitters on the SPIRE instrument of the Herschel observatory.® Frequency selective surfaces (FSS)
such as slots in metal sheets have been used to get transmission between 20-60 pm for planetary spectroscopy.®
Restrahlen crystal filters were used as a dichroic beam-splitters for the short wavelength spectrometer (SWS)
on Infrared Space Observatory (ISO).” Multilayer interference filters have also been developed, for example the
CdTe Q-band filter to be used as a wide bandpass filter on the Mid-infrared instrument (MIRI) of the James
Webb Space Telescope (JWST).®

BETTII (Balloon Experimental Twin Telescope for Infrared Interferometry) is a balloon-borne double-Fourier
interferometer capable of Michelson interferometry and simultaneous Fourier Transform Spectroscopy in the FIR
wavelengths of 30-100 pum (Figure 1). The optics of BETTII collects light from two apertures 8 meters apart
and combines them, while modulating the optical path lengths to produce interferometric fringes at the FIR
detectors. The FIR optics train requires multiple filters: thermal blockers to reduce thermal loading, edge pass
filters to reduce out-of-band radiation, dichroics to separate the FIR light into multiple observing bands, and
a beam-splitter to combine radiation from the two arms (transmitted light from one arm, with reflected light
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Figure 1. BETTII model showing the truss supporting the external optics and the exoskeleton supporting the electronics.
The external optics comprise the light collecting apertures and beam compressing telescope assemblies on both arms of
the interferometer. The compressed light enters the cryostat at the center from the two arms. The cryostat houses the
NIR optics and the FIR optics bench (shown in Figure 2).

from the other). All these filters for FIR wavelengths are based on Ade et al. (2006),” and their performance is
discussed in Dhabal et al. (2016).1°

In addition to these filters, the BETTII design requires another dichroic for each arm to separate the FIR
science band (30-100 pm) from the NIR band (1-2.5 pum), which is used for fine pointing control. The NIR
light, focused on a Teledyne H4RG detector'! is used to locate sources in the FOV, and drive a tip-tilt mirror
in a closed control loop to center the observing target on both the NIR and FIR detectors.'? 13 Inside the
BETTII cryostat, this dichroic is the first optic, which divides the 25 mm diameter beam into its FIR and
NIR components (Figure 2). In the following sections, we motivate the inductive grid design of this dichroic
and discuss its fabrication, which involves the e-beam lithography technique to attain the smaller length scales
involved in comparison to the filters in the FIR optics train. We present the microscope inspection results, and
the transmission and reflectance properties of the fabricated dichroic in the final section.

2. DICHROIC DESIGN

We considered a wide range of possible filters that have been used in NIR and FIR wavelengths such as reststrahlen
filters, powder filters, interference thin-film filters and metal mesh filters. Interference filters involving the use of
multi-layer dielectric coatings to create the dichroic response is problematic. This is because the coating layers
are dielectrics which have phonon absorptions in the band that we are considering. Additionally, the layers
would need to be thick and hence suffer from differential thermal contraction and fracture as they are cooled.
Crystalline materials were found to be too restrictive in their reststrahlen band reflectance to be used in this
application.

Since the FIR science bands are well separated from the NIR control band, we can take advantage of the
relatively slow switch criteria. Metal grids are ideal for this application because even a single mesh has good
reflectance when the mesh period is much smaller than the shortest wavelength we need to reflect; so a 1 pm
period mesh would be an excellent reflector at 30 pm. The grids operate according to the same principle as a
large radio telescope constructed using a crude wire mesh that lightens the structure without loss of reflectance
for the very long wavelengths. Such a mesh would also display maximum transmission when the wavelength is
comparable to or less than the mesh period and it would not be in the diffraction regime.

Two-dimensional metal meshes and slots have been studied since the mid-20th century as filters for sub-mm
and FIR wavelengths. Bell (1966)'* used the inductive grid (orthogonal pattern of narrow wires) as a beam-
splitter in a Michelson type Fourier transform spectrometer (FTS). Ulrich (1967)'% introduced the equivalent
circuit model to obtain the optical transmission properties of a metal mesh and extended the concept to capacitive
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NIR-FIR dichroics

Figure 2. The FIR optics bench showing the location of the NIR/FIR dichroics. The dichroics divide the incoming beam
(white) into the NIR band that is transmitted (blue), and the FIR band that is reflected (red). The rest of the optics

shown here are part of the FIR optics train. The NIR optics focuses the transmitted beam onto a H4RG array (not shown
here).

grids (geometric inverse of inductive grids). The optical properties of the grids depend on the pitch, linewidth
and thickness, as has been theoretically determined by the transmission line theory'®'” and experimentally
verified'® 19 by multiple researchers. Since the development of the High Frequency Structure Simulator (HFSS)
in the late 1980s, it has been extensively used to analyze the electromagnetic properties of such metal mesh
structures.’

Following modeling work using HFSS which consolidated the concept, we decided to manufacture a dichroic
using a single inductive metal mesh with a period g = 1 pm. The optimum value of linewidth ‘2a’ and layer
thickness ‘d” were found to be 100 nm and 45 nm respectively. This in the low a/g and t/g regime (~ 0.05), which
determines the optical properties of the grid. A low value of a/g results in a slow switch from the transmission
band to the reflection band.?° The bandwidth of the transmission maximum increases with decreasing a/g and
t/g. Effects of Wood anomalies are also lower for low t/g values.?! The model is however sensitive to incident
angles, which shifts the peak transmission wavelength, and changes the depth of a sharp drop in the transmission
profile called the ‘thickness dip’.'*

We decided to use e-beam lithography to produce inductive grids of the required quality at the scale of
these dimensions. Comparable techniques have been used in the recent past, but for metal slot based FSS
fabrication.??23 Other techniques of grid fabrication involve photolithography?* and laser ablation,?® but neither
are suitable for our linewidth and resolution requirements. The inductive grid is made of Au for high conductivity.
Since we are reflecting the FIR, the substrate on which the grid is fabricated must be flat to better than A/20
of 30 pm —the shortest wavelength reflected. Materials which transmit the optical/NIR light are plentiful but
given this flatness requirement we chose to use a crystalline material: C-cut sapphire. This material has good
optical properties, can be anti-reflection (AR) coated and processing using Au deposition with electron beam
lithography is not an issue.
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Figure 3. The inductive grid fabrication steps starting from a sapphire substrate. (Layer thicknesses not to scale)

3. FABRICATION

We acquired 1 mm thick 38.1 mm diameter C-cut sapphire substrates for our application. On one surface, the
substrates were AR coated with multiple layers of TagO5+SiO5 with SiO5 being the outermost layer to be scratch
resistant on one face. This material has > 98% transmission in our NIR band of 1-2.5 um. We used the opposite
surface for fabricating the inductive Au grid.

The grid fabrication process is illustrated in Figure 3 with the steps indicated in the following lines. The
sapphire substrates were first cleaned using acetone, methanol, and iso-propyl alcohol (IPA) and allowed to dry at
180°C (1). The samples were then coated with poly(methyl methacrylate) or PMMA resist and baked at 140°C
with a target thickness of 200 nm (2). This was followed by a thin 5 nm film of aluminum deposited on top of the
resist to be the charge dissipating layer during the writing (3). Samples were exposed using a JEOL JBX-6300
e-beam system operating at 100 kV at a dose of 925 uC/cm?. Due to the large area, it took about 30 hours
of writing time. After exposure, the aluminum was removed by a 30 second soak in a tetramethylammonium
hydroxide (TMAH) based resist developer. After rinsing with water and drying, the PMMA was developed in a
solution of methyl isobutyl ketone solvent (MIBK) and IPA in the ratio 1:3 for 60 sec at room temperature (4).
This was followed by a blanket deposition of 5 nm Cr/ 45 nm Au using an e-beam evaporator (5). The final step
was the removal of resist and lifting off of the metal stack in the non-patterned areas (6). This was performed
in n-methyl pyrrolidone at a temperature of 80°C. Ultrasonic agitation was used at the beginning of the lift-off
process and the patterned sapphire substrate was allowed to soak for at least 12 hours.

We first developed the grid on a small region of area 10 mm x 10 mm using the e-beam lithographic process,
and tested the reflectance and transmittance of the samples. The e-beam writing is carried out over unit areas
of 1 mm x 1 mm at a time, and the instrument needs to be calibrated to prevent stitching errors (offset,
discontinuity and overlap). After establishing the procedure, we scaled up to develop the grid over a circular
area of diameter 30 mm for the flight filters.

4. PERFORMANCE

Preliminary inspection of the dichroic (Figure 4) showed some damage or improper production at the periphery
especially at the edges of the 1 mm pattern squares. Under a microscope, we did not find any stitching defects
between the tiles. However, some lift-off problems were identified resulting in metal remaining within some of
the grids (see Figure 5). It could be partially improved with additional ultrasonics throughout the liftoff cycle.
It could come from non-uniformities in the resist coating which could make liftoff more difficult in those areas.

We inspected the inductive grid using Scanning Electron Microscopy (SEM). As shown in Figure 6, the
linewidth is uniform, with variations of ~ 5 nm over most of the sample. Only some regions were identified
having larger deviations from the target linewidth and pattern (Figure 7). This is caused due to poor adhesion
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Figure 4. The fabricated dichroic developed on a sapphire substrate of diameter 38.1 mm. The image shows the tiling
due to the unit pattern covering a circle of diameter 30 mm. Some damages are evident near the periphery, but most of
them are outside the beam footprint of diameter 25 mm.

i . G
Figure 5. Zoomed in images of the dichroic: (left) region with very few lift-off problems and (right) area showing a higher
concentration of lift-off errors. Images taken using Nikon optical microscope at 100X zoom.

of the resist to the substrate in these regions. The defective squares lifted during development (between steps (3)
and (4) in Figure 3) and then dropped back into place after drying with a slight rotation. So on Au deposition,
it results in variable linewidths locally. Overall, this affects less than 1 % of the squares. Using Atomic Force
Microscopy (AFM), we determined that the thickness of the Au grid is also very uniform (Figure 6 middle panel).
The RMS thickness variation is about 5 nm.

Transmission and reflection tests were carried out in three parts for three wavelength ranges: NIR (0.9-3
pm), MIR (2-25 pm) and FIR (20-100 pm). For the FIR tests, the detector required cooling to 4 K. The results
are shown in Figure 8. There is good reflectance of the FIR wavelengths (ranging from 92% to 95% over the
entire band). The average transmission over the NIR band is 65% which meets our requirements. A maximum
transmission of 76% was obtained at A = 1.83 um. The theoretical maximum from the equivalent circuit model
is expected at a lower wavelength (~ 1.5 pm), but this peak is reduced to 62% because it coincides with the
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Figure 6. Left: SEM micrograph of the grid pattern. Middle: AFM scan of the metal grid lines giving the thickness profile
of the pattern. Right: High zoom SEM image of the inductive grid.

structure, thereby introducing some local linewidth variations.
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Figure 8. Reflection and Transmission profiles of the NIR/FIR dichroic. The shaded regions indicate BETTII’s FIR and
NIR bands respectively.

anomalous wavelength regime for this grid pattern.?! A ‘thickness dip’ feature is identified at 1.7 ym close to
the expected wavelength (1.6 um) based on the a/g value of 0.05.19 The tests were carried out at near normal
incidence. It is important to operate the dichroic at low incident angles. On increasing the angle of incidence, the
‘thickness dip’ is more prominent. The non-transmitted light in the NIR wavelengths is reflected by the dichroic.
It is subsequently absorbed by the thermal blockers in the FIR optics train immediately after the dichroic.

5. SUMMARY

Inductive grids have been used as FIR reflectors for Fabry-Perot Interferometers,?® for plasma diagnostics®”
as output couplers of optically pumped lasers?® and in astronomy for blocking excess thermal radiation and
defining the observation bands.?**?° However, until recently, it was not possible to extend this technique to NIR
wavelengths because of fabrication challenges related to the sub-micron length scales of the grid structure.

In this paper, we have described the BETTII requirements for a dichroic NIR/FIR filter. This filter is used
to separate NIR radiation used for pointing control from the FIR radiation to be studied by the BETTII double-
Fourier interferometer. After considering many options, we designed, fabricated, and tested large area (30 cm

Proc. of SPIE Vol. 10708 107083I-7

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 22 Mar 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



diameter) dichroic infrared filters suitable for cryogenic applications. These filters efficiently reflect far IR beyond
25 pum radiation while transmitting near IR radiation around 2 pm.

The fabrication of the high density, high resolution metal mesh necessary to attain the desired band separation
and performance was achieved using e-beam lithographic techniques. Due to the large areas required for the
BETTII filters, the e-beam writing time was significant. Since only two filters were required for BETTII, both
filters were made using this technique. For applications requiring larger numbers of filters, other techniques such
as imprint lithography would likely be more efficient.
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